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Kinetoplast DNA is the unusual mito- 
chondrial DNA of trypanosomes. In Try- 
panosoma brucei it consists of about lo* 
minicircles (0.3 km) and lo* maxicircles 
(6 pm) catenated into a single network. The 
maxicircles are probably the equivalent of 
mitochondrial DNA in other organisms. 
Here we report that a fraction of the total 
cellular RNA from bloodstream form and 
culture form T. brucei hybridizes with the 
maxicircle; we find no minicircle transcripts. 
Preferential hybridization with a 1 .8-kb2 
maxicircle segment is shown to be due to 
two abundant RNA species, the 9 S and 12 S 
RNAs. After glyoxylation the apparent size 
of these putative rRNAs in gels is 1080 and 
590 nucleofides, respectively; they are pres- 
ent in approximately equimolar amounts, 
lack poly(A) tails, their genes are adjacent, 
and they are transcribed from the same 
strand in the order 12 S-9 S. Six’additional 
RNA species, varying in size from 360 to 
1110 nucleotides, are transcribed from seg- 
ments covering 50% of the maxicircle. 
These transcripts are specifically retained 
on oligo(dT)-cellulose and presumably re- 
present mitochondrial messenger RNAs. Re- 
combinant DNA plasmids containing DNA 
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complementary to two of these kinetoplast 
RNAs have been constructed and used as 
probes for the study of the corresponding 
genes. One of these complementary DNAs 
hybridizes with nonadjacent fragments of 
the maxicircle and this gene may, therefore, 
contain an intervening sequence(s). 
Bloodstream trypanosomes, in which the 
synthesis of a mitochondrial respiratory 
chain is totally repressed, contain a 5 to 
IO-times lower level of maxicircle tran- 
scripts than cultured trypanosomes, in 
which the mitochondria are fully developed. 
This decrease affects all mitochondrial tran- 
scripts analyzed approximately to the same 
extent. Controls at the level of mitochon- 
drial protein synthesis or membrane assem- 
bly may, therefore, contribute to the repres- 
sion of mitochondrial synthesis in blood- 
stream-form trypanosomes. 
Trypanosomes are unicellular parasitic 
flagellates, characterized by the unique 
kinetoplast DNA (kDNA) that is found in a 
specialized portion of the single mitochon- 
drion of these organisms. In DNA-protein 
monolayers prepared for electron micros- 
copy, kDNA appears to consist of lo”-lo4 
small circular molecules (minicircles) cate- 
nated into a complex network (reviewed by 
Simpson, 1972; Borst and Hoeijmakers, 
1979a; Englund, 1981). Depending on the 
species, minicircles vary in size from 0.25 to 
0.8 pm (Simpson, 1972); as shown by re- 
striction enzyme analysis, their base se- 
quence is usually heterogeneous (Borst and 
Hoeijmakers, 1979a), and very different in 
closely related species (Borst and Hoeij- 
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makers, 1979b). They are not transcribed in 
two of the three trypanosome species 
studied (Hoeijmakers and Borst, 1978; 
Borst and Hoeijmakers, 1979b; Fouts and 
Wolstenholme, 1979). 
Enzymatic dissection of kDNA with re- 
striction endonucleases has further uncov- 
ered the presence of 50-100 maxicircles in 
the network (Kleisen et al., 1976a; Fairlamb 
et al., 1978). Accumulating data strongly 
suggest that the maxicircle codes for gene 
products similar to those encoded by the 
mitochondrial DNA (mtDNA) of other or- 
ganisms: its size (ranging from 6 pm in T. 
brucei to 12.5 pm in Trypanosoma cruzi) 
and complexity are in the same order of 
magnitude as mtDNA of other organisms; 
it has a unique, strongly conserved base se- 
quence; in trypanosomes that have lost the 
ability to make a functional mitochondrion 
often (part of) the maxicircle is lacking; and 
maxicircles are transcribed (Hoeijmakers 
and Borst, 1978). Two major mitochondrial 
RNA (mtRNA) species (9 S and 12 S), tran- 
scribed from the maxicircles, have been 
identified in Leishmania (Simpson and 
Simpson, 1978) and the possibility has been 
raised that these are the mitochondrial ribo- 
somal RNAs (rRNAs) (Borst and Hoeij- 
makers, 1979a). 
In this paper we present our studies on 
kDNA transcription in T. brucei. This 
pathogen causes sleeping sickness in mam- 
mals and shares with yeast the unusual abil- 
ity to repress completely mitochondrial bio- 
genesis and live by glycolysis alone. Some 
of the results of this work have been sum- 
marized in a recent review (Borst et 
al., 1980a). 
MATERIALS AND METHODS 
Growth of the organisms. Trypanosoma 
(Trypanozoon) brucei brucei, stock 427, 
cloned stabilates 60 and 118 were used in 
this study. The kDNAs of both organisms 
are indistinguishable by restriction enzyme 
analysis (see Borst et al. (1980b) for further 
details). The bloodstream form of this try- 
panosome was grown in rats under standard 
conditions (Fair-lamb et al., 1978). Procyclic 
culture forms of the same T. brucei 427 stock 
were grown in the semidefined medium de- 
scribed by Brim and Schonenberger (1979). 
The generation time under these conditions 
exceeded 14 h and the maximal cell density 
was approximately 6 x 10’ trypanosomes/ 
ml. The insect trypanosome Crithidia lu- 
ciliae was grown in Bone medium (Bone and 
Steinert, 1956) under conditions specified 
previously (Kleisen et al., 1975). 
Isolation of nucleic acids. kDNA and nu- 
clear DNA were extracted from bloodstream 
form T. brucei according to published pro- 
cedures (Borst and Fase-Fowler, 1979; 
Borst et al., 1980~). 
For the isolation of total cellular RNA 
from bloodstream and culture form trypano- 
somes a previously published modification 
of the hot phenol extraction procedure of 
Penman (1966) was used (Hoeijmakers et 
al., 1980). However, the concentration of 
sodium EDTA in the NET-100 buffer (100 
mM NaCI, 10 mM Tris-HCl (pH 8.0), 100 
mM Na-EDTA) was reduced in later experi- 
ments to 25 mM (NET-25). Poly(A)+- 
enriched RNA was obtained by two cy- 
cles of oligo(dT)-cellulose chromatography 
(Hoeijmakers et al., 1980). 
Treatment of DNA with restriction en- 
zymes. The source and assay conditions for 
the endonucleases PstI, HapII, Bg/I, SstI, 
HaeIII, Sau %-I, EcoRI, HindIII, and Mb01 
are specified elsewhere (Borst and Fase- 
Fowler, 1979), those for TaqI are described 
by Borst et al. (1980b). Restriction enzymes 
iWboII,BspI,MspI,BumHI,andHinfI (pur- 
chased from Biolabs) were incubated for 2 h 
at 37°C in 10 mM Tris-HCl (pH 7.5), 8 mrvr 
MgC&, 1 mM dithiothreitol, and 0.1% gela- 
tin. The digestion buffer for AluI (Biolabs) 
contained 100 mM NaCl in addition. Double 
digestions were carried out as described 
(Borst and Fase-Fowler, 1979). 
Gel electrophoresis of DNA. Two condi- 
tions were used for the electrophoretic sepa- 
ration of DNA fragments in the 0.8- 1.5% 
agarose gels: for optimal resolution in the 
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low-molecular-weight range (1 kilobase pair color marker. Electrophoresis is performed 
(kb)) “high-voltage” electrophoresis was in 1.75-2.0% agarose gels at room tempera- 
applied; larger DNA fragments were size- ture for 75- 120 min at 125 mA (150 V) under 
fractionated by the “low voltage” system ribonuclease-free conditions. The electro- 
(Borst et al., 1980b). For photography of phoresis system used is essentially similar 
ethidium bromide-stained gels we refer to to the “high-voltage” DNA electrophoresis 
Borst and Fase-Fowler (1979) and Kleisen and is detailed elsewhere (Van Ommen 
et al. (1976b). et al., 1980). 
Nomenclature of restriction fragments. 
The nomenclature of restriction fragments 
and sites used is a modification of the sys- 
tem proposed first by Sanders et al. (1977) 
and further specified by Borst and Fase- 
Fowler (1979) and Borst et al. (1980b). 
Short-hand abbreviations for the enzymes 
used are: B, BarnHI; G, BglII; R, EcoRI; 
D, HindIII; Ps, PstI; Ss, SstI; Xb, XbaI; 
E, HaeIII (BspI); Y, Hap11 (MspI); L, 
HhaI; U, Sau %-I; M, M601; N, M6011; 
Q, TuqI; V, HinfI. Any site for a given en- 
zyme is designated using the abbreviation of 
the enzyme followed by the number of the 
site for that enzyme lying clockwise on the 
physical map of Fig. 2, starting from the 
arbitrarily chosen EcoRI site RI (Borst and 
Fase-Fowler, 1979). Any fragment is identi- 
fied by a combination of the designations of 
the terminal sites, the first abbreviation 
being the site encountered first going clock- 
wise on the physical map of Fig. 2. The 
number behind each combination of sites 
gives the electrophoretic mobility of that 
fragment generated by the particular (com- 
bination of) enzyme(s). Fragments are num- 
bered in order of increasing mobility; e.g., 
D3E2-4 is the fragment bordered by the third 
Hind111 site (D3) and the second Hue111 site 
(E2) mapped starting clockwise from Rl and 
it is the forth band in a Hind111 + Hue111 
double digestion of the maxicircle. See leg- 
ends to Figs. 2 and 11 for further details. 
Molecular-weight determination. The mo- 
lecular weights of electrophoresed DNA 
fragments or RNAs are calculated from their 
mobility in the gel relative to a set of co- 
electrophoresed reference molecules. The 
following marker sets were used: 
I. Phage lambda DNA and an EcoRI di- 
gest of phage lambda DNA (Thomas and 
Davis, 1975). 
II. Phage T7 DNA, phage 429 DNA, and 
an EcoRI digest of phage $29 DNA (Ito 
et al., 1976). 
III. Phage +X (replicative form) DNA 
digested with BspI (Sanger et al., 1977). 
IV. Phage 4X (replicative form) DNA 
digested with MspI (Sanger et al., 1977). 
V. Yeast RNA (1710 + 80 and 3360 + 80 
nucleotides for the main rRNA components) 
(Philippsen et al., 1978). 
VI. Escherichia coli RNA (2904,154l nu- 
cleotides for the main rRNA components) 
(Brosius et al., 1978, 1980). 
Isolation of RNA and DNA fragments 
from gels. Electrophoretically separated 
RNA molecules were recovered from the 
gel by the method of Van Ommen et al. 
(1979). DNA fragments were isolated by ad- 
sorption to Sepharose-lysine (Osinga et al., 
1981). 
Gel electrophoresis of RNA. In most ex- 
periments the RNA was denatured by gly- 
oxal treatment (McMaster and Carmichael, 
1977) prior to electrophoresis. Untreated 
RNA is heated briefly (1 min) to 95- 100°C 
to disaggregate. The RNA samples are lay- 
ered in the presence of 5% Ficoll and a trace 
of diethylpyrocarbonate with Orange G as 
Electrophoretic separation of DNA 
strunds. DNA strands were separated 
using the method of Goldbach et al. (1978a), 
which is based on differential binding of 
poly(UG) to the two lambda strands. 
Transfer of nucleic acids to nitrocellulose 
jilters. Restriction-fragmented DNA, sepa- 
rated on gels was denatured with alkali and 
blotted onto nitrocellulose filters essentially 
as described by Southern (1975). 
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Transfer of nucleic acids to diazobenzyl- 
oxymethyl-cellulose (DBM) paper. Electro- 
phoretically separated RNA or DNA frag- 
ments were treated in situ by alkali (50 mM 
NaOH, 1 h), neutralized with 0.2 M Na- 
phosphate buffer (pH 6.5) for 20 min at 4°C 
and transferred to DBM paper (Alwine et al., 
1977) in 25 mM Na-phosphate (pH 6.5) or 
0.2 M Na-acetate (pH 4.0) under ribonu- 
clease-free conditions according to pub- 
lished procedures (Alwine et al., 1977; Van 
Ommen et al., 1979). 
Preparation of labeled probes. Double- 
stranded DNA was labeled in vitro by nick- 
translation (Rigby et al., 1977) to a specific 
activity of IO’-lo8 cpm/pg using [a-%P]- 
dATP and [a-=P]dTTP (The Radiochemical 
Center, Amersham; sp. act 2-3 Ci/pmol) as 
the labeled nucleotides. RNA was frag- 
mented to 200-400 nucleotides with alkali 
and labeled by polynucleotide kinase and 
[-J+~~P]ATP as described (Goldbach et al., 
1978b). DNA markers labeled by polynu- 
cleotide kinase were kindly provided 
by Mrs. H. A. M. Hoeijmakers-Van 
Dommelen. 
Hybridization with Jilter-bound nucleic 
acids. The hybridization conditions for 
DNA bound to nitrocellulose filters are 
specified by Hoeijmakers and Borst (1978). 
The same protocol was followed for hy- 
bridizations with nucleic acids covalently 
attached to DBM paper. In this case, how- 
ever, the filters were incubated in the hy- 
bridization medium supplemented with 1% 
glycine for at least 3 h at 60°C prior to hy- 
bridization. In some experiments 10% (w/v) 
dextran sulfate (Sigma) was included in the 
hybridization mixture to increase the hy- 
bridization efficiency (Wahl et al., 1979). 
To reduce the background of aspecifically 
bound radioactivity to acceptable levels it 
was necessary to wash the filters extensively 
after hybridization. Autoradiographic expo- 
sure of hybridized filters was for 2-20 days. 
Construction of recombinant plasmids 
containing DNA complementary to maxicir- 
cle transcripts. The construction of double- 
stranded complementary DNA (cDNA) 
from total poly(A)+ RNA from T. brucei 
427- 118 (bloodstream form), insertion in the 
PstI site of plasmid pBR322 by the GC tail- 
ing technique and subsequent transforma- 
tion of E. coli strain X-1776 have been 
described elsewhere (Hoeijmakers et al., 
1980). However, size-fractionation of the 
cDNA was omitted. Transformants were 
screened by the high-density colony-filter 
hybridization technique (Hanahan and Mes- 
elson, 1980) using 32P-labeled kDNA as 
probe essentially as described (Hoeijmakers 
et al., 1980) except that poly(A) was not in- 
cluded in the hybridization solutions. Col- 
onies were picked from the nitrocellulose 
filters and grown under conditions specified 
(Hoeijmakers et al., 1980). For chloram- 
phenicol amplification and purification of 
plasmid DNA we refer to Wilkie et al. 
(1979). The construction of the recombinant 
DNA clone bank was carried out under 
P3-EK2 containment conditions. 
RESULTS 
Characterization of kRNA from 
Bloodstream Trypanosomes 
RNA from bloodstream T. brucei was 
screened for kDNA transcripts by two types 
of hybridization experiments: 
1. In vitro labeled total cellular RNA was 
hybridized with Southern filters containing 
electrophoretically separated restriction en- 
zyme fragments of trypanosomal DNAs. 
RNA hybridized to the filter-bound DNA 
was visualized by autoradiography. Figure 1 
presents the result of one such experiment. 
The photograph of the ethidium-stained gel 
with restriction digests of T. brucei kDNA 
shows maxicircle fragments in the upper 
part of the gel and more prominent mini- 
circle bands in the lower regions (panel I). 
The corresponding autoradiogram (panel II) 
shows only maxicircle fragments hybridiz- 
ing, a picture similar to what we have seen 
in the insect trypanosome C. luciliae (Hoeij- 
makers and Borst, 1978). This hybridization 
is specific and not attributable to nuclear 
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Panel I gel II autoradiogram 
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weight 
(x10-6) 
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FIG. 1. Hybridization of total cellular RNA from bloodstream T. brucei with restriction fragments 
of kDNA. kDNA (0.25 pg, panel I) of T. brucei was electrophoresed in 0.8% agarose after digestion 
with the following restriction endonucleases. Lanes: 2, MI; 3, HaeIII; 4, HapII; 5, &/I; 6, EcoRI; 
7, AluI; 8, MboI; 9, Sau 96-I. The AlrrI digestion is not complete. The DNA was denatured in sitr!, 
transferred to a nitrocellulose filter by the Southern technique, and hybridized with in vitro labeled 
total cellular RNA from T. brucei bloodstream form. Panel II shows the autoradiogram of the gel of 
panel I (after 2 weeks exposure). Lanes 1 contains molecular weight marker set II. 
DNA contamination in the kDNA, because 
nuclear DNA digested with the same set of 
enzymes gives entirely different hybridiza- 
tion patterns (not shown). The most promi- 
nently hybridizing maxicircle fragment 
(Fig. 1, lanes 7-9) is localized on the T. 
brucei maxicircle map between sites D3 
(HindIII) and E2 (HaeIII) (see Fig. 2), 
covering a region of 1.8-2.0 kb (see also 
Borst and Hoeijmakers, 1979b). An analo- 
gous predominantly transcribed maxicircle 
segment of only 1.5 kb is found in C. Iuciliae 
and C. fuscicufata (unpublished obser- 
vations). 
2. To obtain more information on the 
RNA(s) that hybridize to kDNA fragments, 
we have carried out “Northern” or “RNA 
blot” hybridization experiments using elec- 
trophoretically fractionated, filter-bound 
RNA and in vitro labeled kDNA probes. 
Upon electrophoresis in agarose gels, total 
cellular RNA of T. brucei shows three high- 
and at least five low-molecular-weight com- 
ponents (Fig. 3, panel I, lane 3). This 
unusual profile resembles that of other 
trypanosomatids like Crithidia (panel I, 
lane 2) in which case it has been demon- 
strated that the rRNA from the large sub- 
unit of cell-sap ribosomes contains in vivo 
at least one-possibly more-hidden breaks 
(Spencer and Cross, 1976; Garvin er nl., 
1978; Morales and Roberts, 1978; Gray, 
1979). Similarly, the large rRNA of T. brucei 
cell-sap ribosomes disappears upon heat de- 
naturation and generates at least two lower- 
molecular-weight RNA components, indi- 
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FIG. 2. Partial transcription map of the maxicircle of T. brucei 427. The location of the recognition 
sites for most of the enzymes is from Borst and Fase-Fowler (1979). The position of (some of) the 
TaqI and MboI sites is deduced in part from experiments presented here or elsewhere (Borst et al., 
198Ob) and in part from unpublished experiments. Interrupted regions indicate maxicircle segments 
with many sites (for the enzyme bordering the region) of which the exact position is not known. The 
genes for the 9 S and 12 S RNA species and Tck-1, -2 and Tck-3 are indicated by the heavy bars. The 
location of the genes for the other RNA species (indicated with “) is not further determined within 
RR-2 or RR-3 and they are, therefore, placed arbitrarily. The direction of transcription of the 9 S and 
12 S RNA genes, deduced from Figs. 7 and 8, is indicated by an arrow. For a detailed map of this region 
including also sites for the enzymes HinfI and MboII, we refer to Fig. 11. Polymorphic sites (Borst 
et a/. , 1980b) are connected to the circle by an interrupted line. (*) Indicates the polymorphic site absent 
in T. brucei 427. The size of the RR-3 fragment is reduced to 4 kb (instead of the 4.7 kb of Fig. 11) to fit 
earlier size determinations; all fragments within RR-3 are reduced by the same factor. Details on the 
“variable region” can be found in Borst er al. (198ob). B, BarnHI; D, HindIII; E, HaeIII; G, BglII; 
L, HhaI: M, iMbo1: Ps, PstI; Q, TaqI; R, EcoRI: Ss, Ss?I; U, Sau %I; Xb, XbaI; Y, Hap11 (from Borst 
et al., 198Oa). 
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PANEL I II III IV 
1234567 12341 12345 1 2 3 
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.- R3d 
-12s 
--9s 
probe ATbR-2 ATbR-3 
FIG. 3. Hybridization of size-fractionated RNA of T. brucei (bloodstream form) with cloned maxi- 
circle fragments. 3 pg of total cellular RNA, RNA enriched in poly(A)+ RNA by two cycles of oligo(dT)- 
cellulose chromatography (poly(A)+ RNA) and the unbound fraction (poly(A)- RNA) from T. brucei 
bloodstream form was denatured by glyoxal treatment (except for panel I), electrophoresed in 1.8% 
agarose, and transferred to activated DBM paper. The filter-bound RNA was hybridized with 32P- 
labeled lambda.TbR-2 and lambda .TbR-3 maxicircle probes. Panel I: the ethidium-stained gel contain- 
ing total cellular RNA from C. luciliae (lane 2); T. brucei bloodstream form (3); the corresponding 
poly(A)+ (4) and poly(A)- RNA (5); RNA from purified T. brucei cell-sap ribosomes (6); as molecular 
weight markers E. coli rRNA (1 and panel IV, lane 1) and yeast rRNA (7). To visualize the RNA species 
better, these samples were not treated with glyoxal prior to layering. The arrowheads in lane 3 indicate 
RNA fragments that are generated from the large subunit rRNA upon heat denaturation of the RNA. 
Asterisks point to RNA species found to be associated with rRNAs upon size fractionation on a 
Sephacryl S300 column of total cellular RNA (unpublished). Panels II and III: the autoradiograms of 
filter-bound RNA after hybridization with lambda.TbR-2 (panel II) and lambda.TbR-3 (panel III). The 
RNAs were: lanes 3, total cellular RNA; 4, poly(A)+ RNA; 5, poly(A)- RNA (in lane 5 of panel III 
less RNA was layered). Prior to electrophoresis the RNA samples were denatured by treatment with 
glyoxal. After ethidium staining they show a pattern as depicted in lanes 2 and 3 of panel IV. The 
arrows indicate the position of the bands of the presumptive 9 S and 12 S mtRNAs. The 3*P-labeled 
molecular-weight markers are: lane 1, phage 4x174 DNA (RF) digested with EspI; 2, digested with 
MspI. The gel of panel IV is from a separate run. 
cated in lane 3 by arrowheads (experiments Glyoxal-denatured RNA (McMaster and 
not shown). In fact, the results with RNA Carmichael, 1977) with the profile shown 
extracted from purified ribosomes indicate in panel IV (lanes 2 and 3) was transferred 
that all prominent RNAs (except for the 4 S to activated DBM paper. To detect maxicir- 
RNA) are of ribosomal origin (lane 6, see cle transcripts, the filter-bound RNA was 
also Cordingley and Turner (1980) and hybridized with two lambda * gt . WES * kDNA 
Simpson and Simpson (1978)). Total cellular recombinants, containing the second and 
RNA, enriched in poly(A)+ RNA by two third EcaRI maxicircle fragment (RlR2-2 
cycles of oligo(dT) chromatography is elec- and R3Rl-3 in Fig. 2) (Brunel et al., 1980), 
trophoresed in lane 4, the corresponding, further designated as lambda-TbR-2 and 
unbound fraction (poly(A)-) in lane 5 of lambda-TbR-3, respectively. The cloned 
Fig. 3. fragments together cover slightly more than 
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TABLE 1 
PROPERTIES OF MAXICIRCLE TRANSCRIPTS 
Designation Apparent 
RNA species size” 
12 s* 1080 
9 Sb 590 
R-2a 1110 
R-2b 570 
R-3a 920 
R-3b 780 
R-3c 440 
R-3d 360 
R-3e ? 
Binding to Hybridization cDNA Size 
oligo(dT) with clone (bp) 
- RR-3 
- RR-3 
+ RR-2 
+ RR-2 Tck- 1,-2 540,540 
+ RR-3 
+ RR-3 
+ RR-3 
+ RR-3 
? RR-3 Tck-3 470 
a In nucleotides. 
b The size of 9 S and 12 S RNAs in Leishmania determined on methylmercurihydroxide gels is 522 and 
1022 nucleotides, respectively (Simpson and Simpson, 1978). We attribute the difference with our 7. brucei 
values to differences in gel systems. It is possible that the true size of these RNAs is larger, as we have 
recently observed that the DNA fragments protected against S, nuclease by hybridization with 9 S and 12 S 
RNAs are about 640 and 1230 bp, respectively. 
50% of the maxicircle. The smallest EcoRI 
fragment (RR-3; see Fig. 2), which shows 
the strongest hybridization in Fig. 1 (lane 6), 
hybridizes with two major and at least four 
minor RNA species (Fig. 3, panel III, lanes 
3 and 4). RR-2 hybridizes only with two 
minor RNAs (Fig. 3, panel II). 
Table 1 compiles some of the properties 
of these RNA molecules. We presume that 
the two major RNAs are identical to the 
9 S and 12 S RNAs described by Simpson 
and Simpson (1978) in Leishmania mito- 
chondria for the following reasons: 
1. They are similar in size (see Table 1). 
2. They are the most abundant (mito- 
chondrial) RNAs (Fig. 3). 
3. They are not specifically retained on 
oligo(dT)-cellulose (in contrast to all minor 
RNA species; Fig. 3). 
4. After glyoxal denaturation, which 
blocks GC base pair formation, the 9 and 
12 S RNAs stain relatively stronger with 
ethidium bromide than the other RNAs 
(compare panels I and IV of Fig. 3). This 
suggests that they have a high A + U con- 
tent (as reported for the 9 S and 12 S RNA 
(Simpson and Simpson, 1978)) that stabilizes 
their secondary structure. 
Comparison of Bloodstream und Culture 
form kRNA 
In the mammalian bloodstream, T. brucei 
relies for its energy supply on glycolysis 
alone and CN--sensitive mitochondrial res- 
piration is completely absent. Mitochondrial 
respiration and oxidative phosphorylation 
are fully developed in the insect as well as in 
culture (see Borst and Hoeijmakers, 1979a). 
To see whether a correlation exists between 
mitochondrial activity and the transcription 
level of kDNA we compared in Fig. 4 the 
hybridization of total cellular RNA from 
bloodstream-form and culture-form try- 
panosomes to filter-bound DNAs. For 
proper comparison of both kRNA hybridi- 
zations (lanes 2-4), the autoradiograms of 
panel II (hybridization with culture form 
RNA) and panel III (hybridization with 
bloodstream form RNA) were exposed to 
give the same hybridization intensity with 
the nuclear DNA (lanes 5-7). Clearly, the 
overall level of kDNA transcripts is consid- 
erably increased in culture-form RNA and 
again only maxicircle transcripts are found. 
Comparison of panels II and IV (which is 
a longer exposure of the kDNA part of panel 
III) suggests that the concentration of some 
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kRNAs is affected more than of others 
(arrowheads). The significance of this is 
doubtful, however, since the relative hy- 
bridization intensities to different maxicir- 
cle parts varied sometimes also between 
different bloodstream-form RNA prepara- 
tions (compare Fig. 1, lane 8, and Fig. 4, 
lane 3 of panel IV). The lack of specific 
differences between bloodstream- and cul- 
ture-form RNA is confirmed by the “North- 
ern” hybridization experiment presented in 
Fig. 5 (panels I and II). This shows that the 
concentration of all RNAs is affected to 
about the same extent at least with the two 
EcoRI maxicircle fragments used as probes 
(for the hybridization with lambda.TbR-2 
compare also Fig. 3, panel II). 
Characterization of Recombinant Plasmids 
Containing Copy DNA Complementary 
to Maxicircle Transcription Products 
To study the precise genetic location, 
synthesis, and possible function of some of 
the transcription products identified above 
we have screened an Escherichia coli clone 
bank, constructed for the isolation of plas- 
mids containing DNA complementary to 
variant surface glycoprotein (VSG) messen- 
ger RNAs (mRNAs) (Hoeijmakers et a/. , 
1980) for the presence of recombinants with 
kDNA transcript sequences. This cDNA 
bank was made as described under Materials 
and Methods starting from total poly(A)+ 
RNA of bloodstream-form T. brucei which 
(as shown in Fig. 3, panels II and III, lanes 4) 
contains also maxicircle transcripts. Among 
the approximately 4 x lo3 transformants 
screened in this way we have found 11 
(weakly) hybridizing colonies (i.e., 0.3%). 
Plasmid DNA from three of these recom- 
binants (Tck-1, -2, and -3) was prepared for 
further analysis. Since Tck-1 and Tck-2 
were found to be cDNA clones derived from 
the same RNA, we present only the results 
for Tck-1 and Tck-3. The partially purified 
hybrid plasmids were characterized by re- 
I gel II autoradiogram III autoradiogram IVIM 
culture bloods t ream (longer 
form form exposure) 
mo I. 1234567 234567 234567 234 
weight 
(x 10-6) 
30.6- 
1 :J- 3 - 
4.72- 
3.73m;= 
2.13- 
minicircles-, 
FIG. 4. Comparison of the hybridization of T. brucei culture-form and bloodstream-form RNAs with 
restriction fragments of kDNA and nuclear DNA. kDNA (0.25 Kg) and nuclear DNA (1 fig) from 
T. brucei was digested with: lanes 2 and 5, HindID; 3 and 6, MboI; 4 and 7, TuqI; and electrophoresed 
in 0.8% agarose together with molecular-weight marker set I. The in situ denatured DNA was blotted 
onto nitrocellulose filters and hybridized with 32P-labeled total cellular RNA from T. brucei culture form 
(panel II) and bloodstream form (panels III and IV). The autoradiogram of panel IV is exposed about 
3.5 times longer than that of panel III. The arrowheads indicate bands with a relative hybridization 
intensity that differs in bloodstream-form and culture-form RNAs. 
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PANEL I 
bldst. cult. 
1234567 
bases 
II 
bldst. cult. 
1234567 
bases bases 
_ 
1343- 
1077- 
671 - 
606 - 
310- 
279/27 I -- 
234 - 
194- 
117- 
73- 
PANEL III 
12345 
probe ATbR-2 XTbR-3 probe Tck-1 
FIG. 5. Comparison of the hybridization of size-fractionated RNA from T. brucei bloodstream-form 
and culture-form with cloned maxicircle fragments and cDNA clone Tck- 1. Panels I and II: lanes 2 and 5, 
glyoxal-denatured total cellular RNA; 3 and 6, poly(A)+ RNA; 4 and 7, poly(A)- RNA of bloodstream- 
form (2-4) and culture-form (5-7) T. brucei. (The oligo(dT)-cellulose chromatography in this experiment 
has been more efficient in removal of the 9 and 12 S RNAs from the poly(A)+ RNA fraction than in the 
poly(A)+ RNA of Fig. 3.) The RNAs were electrophoresed in 2.0% agarose, transferred to DBM paper, 
and hybridized with 32P-labeled lambda.‘FbR-2 and lambda.TbR-3 maxicircle probes (panels I and II, 
respectively). In each lane 3.0 pg of RNA is layered except for lanes 5 and 6 where approximately 
1 pg of RNA was used. Panel I shows the autoradiogram after hybridization with the RR-2 cloned 
maxicircle fragment (exposure time about 2 weeks); panel II after hybridization with RR-3 (exposure 
time 5 days). Lane 1, marker set III, labeled by polynucleotide kinase and [&*P]ATP. Panel III, 
RNAs corresponding with lanes 5-7 of panels I and II were electrophoresed and blotted as above. 
Hybridization of the filters was with labeled Tck-1. Lanes 1 and 2, marker sets IV and III, respectively, 
labeled as above. 
striction enzyme analysis. Digestion with cellulose filters, and hybridized with labeled 
PHI, which cleaves at the borders of the Iambda.TbR-2 and -3 maxicircle probes. 
inserts (Bolivar et al., 1977), generates two Figure 6, lanes 8 and 13 (corresponding to 
main bands: the linearized plasmid and the lanes 3 and 9, respectively) show that Tck-1 
insert band (Fig. 6, panel I, lanes 3 and 9). contains in insert homologous to the RR-2 
The sizes of the inserts are given in Table 1. probe and Tck-3 to the RR-3 probe, respec- 
By digesting the plasmids with endonu- tively. The RNAs from which the cDNA 
cleases TuqI, Mb01 (only with Tck-3), and clones were derived were identified by 
Mb011 (only with Tck-1) either alone or in Northern hybridization experiments. The 
combination with Z’stI we have constructed autoradiogram of Fig. 5 (panel III) shows 
the physical maps shown in the lower part of that Tck-1 is complementary to kinetoplast 
Fig. 11 (experiment presented in part in Fig. RNA R-2b, the main RNA component speci- 
6, in part not shown). The electrophoresed fied by RR-2 (compare lane 6 of panel I). 
plasmid DNA fragments shown in Fig. 6 The same was found for Tck-2 (not shown). 
were denatured in situ, blotted onto nitro- From Table I we conclude that both Tck-1 
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and Tck-2 cover more than 90% of the cor- 
responding RNA, disregarding the contribu- 
tion of the GC tails which usually do not 
exceed 30 base pairs (bp). The fact that 
Tck-1 and Tck-2 do not show hybridization 
with kinetoplast RNA R-2a suggests that 
this RNA is not a precursor of R-2b. 
All attempts to identify in the same way 
the RNA from which Tck-3 was derived 
have failed. The most likely explanation for 
this is that the steady-state level of this tran- 
script in the cell is too low for it to be de- 
tected by the Northern technique. This indi- 
cates at least that it is not one of the RNAs 
R3a-d, because these can easily be detected 
in similar hybridization experiments using 
lambda.TbR-3 as probe (Fig. 3, panel III). 
More sensitive techniques (like protection 
against degradation by S, nuclease (Berk 
and Sharp, 1977)) are required to con- 
firm this. 
PBR ‘- 
insert ,- 
Determination of the Direction of 
Transcription of the 9 S and 
12 S RNA on the Maxicircle 
The direction of transcription of the 9 S 
and 12 S RNA genes on the maxicircle was 
determined as follows: 9 S and 12 S RNA 
were purified by preparative agarose elec- 
trophoresis of glyoxal-denatured culture 
form RNA, followed by excision of the 
ethidium-stained RNAs (cf. Fig. 3, panel 
IV). Light and heavy chains of lambda- 
TbR-3 were separated by electrophoresis in 
the presence of poly(UG) (Goldbach et al., 
1978a) and the separated strands hybridized 
within vitro labeled 9 S and 12 S RNA. Both 
RNAs hybridize with the RR-3’ strand that 
is inserted in the strand of lambdasgt .WES 
with the highest mobility in gels (Fig. 7). The 
faster migrating strand corresponds to the 
light lambda chain (i.e., the strand with the 
PANEL I II 
12345678 9 10 11 12 13 
b. 
3 
*is 
366 
5/312 
= 
1443 
=1307 
-4 75 t-insert 
-366 
-3121315 
-141 
Tck-1 Tck-3 
FIG. 6. Characterization of recombinant plasmids containing cDNA from maxicircle transcripts by 
restriction enzyme analysis and hybridization. 0.2-0.4 pg of the (partly pure recombinant) plasmid 
DNAsTck-1(3-7),Tck-3 (10, ll),andpBR322(1,2, 12) weredigested withPsrI(3,9),TaqI(l, 5, 11, 12), 
and TaqI + PsrI (4, lo), Mb011 (2, 7), and MboII + PstI (6), and electrophoresed in 1.75% agarose. 
After denaturation the DNA fragments were blotted onto nitrocellulose filters and hybridized with 
lambda.TbR-2 (8) and lambda.TbR-3 (13); only the autoradiograms of lanes 3 and 9 are shown (lanes 8 
and 13, respectively). The PsfI digestion in lane 3 is incomplete, as shown by the hybridization of the 
pBR band. For unknown reasons our MboII enzyme did not cleave the pBR322 DNA when a TC 
dinucleotide followed the GAAGA recognition sequence. 
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probe 9s 12s Tc k-3 
a b a b a b a b 
H- 
L- 
-H 
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gel autoradiograms 
FIG. 7. Determination of the codogenic strand for 
9 S and 12 S RNA in lambda.TbR-3. Lambda.TbR-3 
(0.4 pg) was briefly heated in the presence of poly(UG) 
(6 pg for lanes a and 3 kg for lanes b) and then elec- 
trophoresed in 0.3% agarose to separate the strands. 
The DNA was transferred to nitrocellulose filters and 
hybridized with labeled 9 S RNA, 12 S RNA, or 
lambda.TbR-3 DNA as indicated. H, heavy strand; 
L, light strand. 
S-terminus at the left lambda arm (see Fig. 8 
and Hradecna and Szybalski, 1967), assum- 
ing that the light and heavy lambda DNA 
strands are not reversed by the deletion of 
the middle lambda portion and the insertion 
of the RR-3 maxicircle fragment. (Sequence 
analysis of more than 50% of RR-3 indicates 
that there is no unequal T + G distribution 
over both strands (I. C. Eperon, personal 
communication).) The control experiment 
with double-stranded cDNA clone Tck-3 
shows that both strands are able to hybridize 
(Fig. 7); the hybridization with the high- 
molecular-weight band is due to the pres- 
ence of native lambda.TbR-3. 
In principle the RR-3 fragment can be in- 
serted in the lambda.gt . WES vector in two 
orientations, depicted in Fig. 8 as alterna- 
tives a and b. Because of the asymmetrical 
location of the single Hind111 site in RR-3 
(see Fig. 2, and Borst and Fase-Fowler, 
1979) we expect upon cleavage with this en- 
zyme a hybrid fragment of about 8.6 kb in 
case a and of 6.6 kb in case b (see Fig. 8). 
The position of the Hind111 sites in lambda 
DNA is deduced from Daniels et al. (1980) 
and Leder et al. (1977). The Hind111 digest 
in Fig. 8, lane c-l, shows the presence of 
the 6.6-kb band as predicted from orienta- 
tion b, whereas an 8.6-kb fragment is absent. 
Hybridization with Tck-3 (lane c-2) confirms 
that the 6.6-kb band is indeed one of the ex- 
pected hybrid fragments, ruling out alterna- 
tive a. Since the orientation of RR-3 in the 
maxicircle with respect to the Hind111 site is 
known (Fig. 2), the direction of transcrip- 
tion must be as indicated in Figs. 2 and 11. 
The 9 S and 12 S RNA hybridization with 
the 24 kb-hybrid fragment (Fig. 8, lanes c-3 
and c-4) confirms that they are coded by the 
region clockwise from D3. On the other 
hand, Tck-3 must reside (mainly) on the 
other side of D3 as deduced from the hy- 
bridization intensities. In the next section 
we will determine more precisely the posi- 
tion of these genes. 
Construction of a Detailed Physical Map of 
the 9 S and 12 S RNA Region and the 
Genes Codingfor Tck-I, Tck-2, and Tck3 
Since Hind111 and BspI (isoschizomer of 
HueIII) cleave close to the borders of the 
9 S and 12 S RNA region at approximately 
2-kb distance from each other (see Fig. 2), 
we have mainly used these enzymes to posi- 
tion the sites for other endonucleases in this 
maxicircle fragment. Figure 9 shows gels 
(panel I) of kDNA digested with Hinf I (part 
A), TuqI (part B), and Mb011 (part C) in 
combination with BspI or HindIII. The cor- 
responding autoradiograms, after hybridiza- 
tion with 9 S RNA, 12 S RNA, Tck-3, 
lambda.TbR-3, Tck-1, and lambda.TbR-2, 
are shown in panels II-VII, respectively. 
Results with Mb01 are shown in Fig. 10, 
lanes 4-7. On the basis of these data the 
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s/223 - 
kb. 
- 24.7 
left right 
22.950 
a 
b 
24.920 
9 11 I1 ,I I I,,,, , 
0 3 6 9 12 15 18 21 24 27 30 33 36 39 kb. 
FIG. 8. Orientation of RR-3 in lambda.@. WES-1ambda.b vector. The bottom part gives the two 
possible orientations of RR-3 in the lambda.gt.WES-1ambda.b vector DNA. The position of the 
Hind111 sites in the lambda DNA are deduced from Leder et al. (1977) and Daniels et al. (1980). The 
size of the expected hybrid fragments is indicated. The 0.6% agarose gel containing lambda.TbR-3 after 
digestion with Hind111 (lane cl) is depicted in the upper part, lanes a and b, molecular-weight marker 
sets IV and I, respectively. The corresponding lanes after hybridization with Tck-3,9 S, and 12 S RNA 
are indicated as ~2~4, respectively. 
final fragment map given in Fig. 11 was con- 
structed. An Appendix to this paper describ- 
ing the construction of this map is available 
on request. Here we shall restrict ourselves 
to the main conclusions and some comments. 
1. The only way to visualize maxicircle 
fragments smaller than the I-kb minicircles 
is by hybridization. It is, therefore, possible 
that small fragments (smaller than 200 bp) go 
undetected if they are not efficiently re- 
tained on the nitrocellulose filter. 
2. All sites are mapped with respect to the 
Hind111 andBsp1 (HueIII) recognition sites. 
Only in some instances has the position of 
sites been determined relative to that for 
EcoRI and Hap11 in addition (Fig. 10). As a 
consequence, the position of sites relative 
to each other may vary slightly, depending 
on inaccuracies in fragment size determina- 
tion and the undetected presence of small 
fragments. 
3. The 9 S RNA probe is contaminated 
with the comigrating R-2b RNA (cf. Fig. 3, 
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panels II and III) and contains in addition 
traces of degraded 12 S RNA (see e.g., panel 
II of Fig. 9, lanes 3, 7-9). 
4. The TuqI map contains some “gaps” 
indicated in Fig. 11 by a question mark. This 
is due to the presence of clusters of TaqI 
sites, resulting in many small fragments that 
could not be located precisely as explained 
in the Appendix. 
5. The exact order for the three small 
Mb011 fragments in the gene coding for 
Tck-1 was not established and the order 
given in Fig. 11 is arbitrary (see Appendix). 
The map of Fig. 11 allows a fairly accurate 
determination of the borders of the single 
genes for 9 S and 12 S RNA. The 12 S gene 
should start just beyond D3 and end close 
to N4. The space between the 9 S and 12 S 
genes should be less than 350 bp since the 
9 S hybridization stops before or close to the 
unique BamHI site. 
An interesting point following from the 
map is the hybridization of Tck-3. As ex- 
plained in the Appendix, the Tck-3 hybridi- 
zation extends to the left of Mb011 site N2 
and Mb01 site M7 and to the right some- 
where between M8 and D3: the TuqI frag- 
ment QlOQll (1170 bp), as well as the Mb01 
fragment M8M9 (2300 bp), give clear hy- 
bridization (see Fig. 10, parts A and B). In 
some experiments a very weak hybridiza- 
tion is even found with a region beyond D3 
(see Fig. 8); in the cDNA itself, however, 
the Hind111 site is absent (data not shown). 
This demonstrates that the Tck-3 insert (460 
bp) hybridizes with a region of approxi- 
mately 800 bp. This is illustrated for instance 
by the hybridization of Tck-3 to the Mb01 
digest (Fig. 10, part B, lane 4). Main hy- 
bridization is found with the 640-bp frag- 
ment (M7M8-7); weaker but distinct hybridi- 
zation is observed with M8M9-3 (2300 bp) 
and M6M7-8 (460 bp). The most likely inter- 
pretation is that the gene from which the 
cDNA is derived contains intervening se- 
quences that are removed from the primary 
transcript during processing. A preliminary 
map of the Tck-3 insert (Fig. 11, bottom 
line) shows that one Mb01 and probably one 
TuqI site are missing: one of the two TuqI 
sites in the cDNA is very close to the border 
and the region on the left-hand side (about 
40 bp) is too short to form stable hybrids 
under the conditions used, especially when 
the GC linker is subtracted (approximately 
20 bp in other inserts from the same bank). 
The most logical interpretation is, therefore, 
that TuqI sites Q8 and QlO are conserved, 
but that the middle Q9 site is absent in the 
cDNA. Similar results were obtained with 
Mb01 (SuuIIIA) for which two sites were 
expected in the cDNA whereas only one 
was found (Fig. 11). On the basis of these 
preliminary data it is not possible to localize 
the genomic region(s) that is (are) absent in 
the cDNA. On the other hand, all results 
with Tck-1 (and also 9 S and 12 S RNA) 
are compatible with continuous transcripts 
from these genes. 
DISCUSSION 
Our hybridization studies on kDNA tran- 
scription in T. brucei have confirmed that 
the maxicircle is the genetically active com- 
ponent in the kDNA network and have led 
to the identification of at least eight discrete 
maxicircle transcripts, which are indicated 
on the partial transcription map of Fig. 2. 
FIG. 9. Construction of a detailed physical map of the regions containing the genes for 9 S and 12 S 
RNA and Tck-1 and Tck-3 for the enzymes HinfI, MboII, and TnqI. kDNA (0.5 pg) was digested with: 
lanes l-3, HinfI; 4-6, TaqI; 7-9, Mb011 in single (lanes 3, 6, and 9) and double digestion with BspI 
(lanes 1,.5, and 7) andHind (lanes 2,4, and 8). Three parallel gels with slight variations in DNA migra- 
tion were used. After transfer of the denatured DNA to nitrocellulose filters hybridization was carried 
out with the six 32P-labeled probes indicated. Panel II, 9 S RNA; panel III, 12 S RNA; panel IV, Tck-3; 
panel V, lambda.TbR-3; panel VI, Tck-1; panel VII, lambda.TbR-2. The filters of panel II were reused 
for hybridization with lambda.TbR-3 (panel V), after removal of bound radioactivity by low-salt 
washing. 
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Tck-3 ATbR-3 Tch-3 ATbR-3 Tck-3 ATbR-3 
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FIG. 10. Construction of a detailed physical map for RR-3 for the enzymes MboI, MboII, and TaqI. 
kDNA (0.3 pg) was digested with: lanes l-3, TuqI; 4-7, MboI; 8- 11, MboII in single digestions (lanes 
1,4, and 8) and in combination withBsp1 (lanes 5 and 9), Hind111 (lanes 6 and lo), EcoRI (lanes 3,7, and 
1 l), and Hap11 (lane 2). The corresponding hybridizations with 3ZP-labeled Tck-3 and lambda.TbR-3 are 
indicated. Marker set III is electrophoresed in lane m. 
The 9 S and 12 S RNAs Are 
Mitochondrial rRNAs 
A. M. Simpson and L. Simpson (personal 
communication). 
The two major RNA species detected in 
RNA and DNA blots are the equivalent of 
the 9 S and 12 S RNAs discovered by Simp- 
son and Simpson (1978) in the kinetoplast 
fraction of Leishrnania tarentolae. The pro- 
posal that they represent mitochondrial 
rRNAs (Borst and Hoeijmakers, 1979a) is 
now supported by the following findings: 
4. In contrast to the other maxicircle 
RNAs, they are not selectively bound to 
oligo(dT), indicating the absence of long 
poly(A) tails. 
1. The 9 S and 12 S RNAs are the only 
major large RNAs found in trypanosome 
mitochondria. In all organisms analyzed 
thus far the major mitochondrial RNAs are 
the rRNAs. 
5. There is only one gene for 9 S RNA 
and one for 12 S RNA and these are adja- 
cent and encoded by the same strand (Figs. 
2 and 11). Whether the two RNAs are syn- 
thesized from a common precursor remains 
to be determined. 
2. The 9 S and 12 S RNAs are found in 
approximately equimolar amounts (see Fig. 
3, panel III, lane 3). 
6. We have provided Mr. Ian C. Eperon 
(M.R.C., Cambridge, U. K.) with the DNA 
segment containing the 9 S and 12 S genes 
and he has found that this segment shows 
homology with the rRNAs of human mito- 
chondria and E. coli (personal communi- 
cation). 
3. Their sequence and size are strongly We conclude from these data that the 9 S 
conserved in trypanosome evolution. Cheng and 12 S RNAs are the major RNAs of the 
and Simpson (1978) report no apparent dif- mitochondrial ribosome. With an apparent 
ferences between the RNAs from Leish- combined size of 1080 + 590 = 1670 nu- 
mania tarentolae and Phytomonas davidi. cleotides they are the smallest rRNAs known 
We have found that the 9 S and 12 S RNAs in nature, even much smaller than the mito- 
of T. brucei and C. luciliae readily cross- chondrial rRNAs ofDrosophila (Klukas and 
hybridize and have the same size (unpub- Dawid, 1976) and vertebrates (Dawid, 1972). 
lished). Similar results were recently ob- This raises the possibility that the trypano- 
tained for T. brucei and L. tarentolae by somal mitochondrial ribosome has unusual 
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properties (e.g., a very high protein/RNA 
ratio) and this would explain why we and 
others have been unable to isolate it thusfar 
and why we have been unable to find evi- 
dence for mitochondrial protein synthesis in 
Crirhidia using classical inhibitors of mito- 
chondrial translation like chlorampheni- 
col, ethidium, or spiramycin (Kleisen and 
Borst, 1975). 
There are two other unusual features of 
the 9 S and 12 S rRNAs: the large RNA 
is 5’ to the small one, an arrangement also 
recently found in Leishmania mitochondria 
(L. Simpson, personal communication), but 
not in animal mitochondria or elsewhere in 
nature (Wolstenholme et al., 1979) (disre- 
garding the unusual situation in Saccharo- 
myces and Tetrahymena mtDNA, where the 
two genes are far apart (Sanders et al., 1975; 
Goldbach et al., 1978b)). Another unusual 
feature is the high AU content of close to 
80 mol% (I. C. Eperon, personal communi- 
cation). 
The Minor RNAs 
Simpson and co-workers (Simpson and 
Lasky, 1975; Simpson et al., 1976) have re- 
ported that 9 S and 12 S RNA from Leish- 
mania stimulated protein synthesis in a 
wheat germ system. Moreover, in hybridiza- 
tion experiments a large segment of the 
maxicircle was found to hybridize with both 
of these RNAs (Simpson and Simpson, 
1978; Masuda ef al., 1979). Both results can 
be explained by our observation that at the 
position of the 9 S and 12 S two other RNA 
species migrate that will contaminate 9 S 
and 12 S RNA preparations purified on size. 
We think that these minor RNAs are mito- 
chondrial messengers or mRNA precursors, 
because this could explain both the in vitro 
experiments of Simpson and co-workers and 
the binding to oligo(dT), which suggests the 
presence of poly(A) tails. 
It is remarkable that the RNAs found thus 
far are so small. Mitochondrial precursor 
RNAs or mRNAs in yeast are much longer 
(Grivell et al., 1979; Van Ommen et al., 1979) 
and the minimally required coding sequence 
for, e.g., subunit I of cytochrome oxidase and 
the apocytochrome b protein in Neurospora 
and yeast mitochondria exceeds our longest 
maxicircle transcript (Borst and Grivell, 
1978; Werner and Bertrand, 1979). It is pos- 
sible that longer transcripts have been 
missed in our experiments. Their concen- 
tration could be below our detection level; 
they could have been lost specifically dur- 
ing isolation or they could be coded for by 
the maxicircle fragment RR- 1, which has re- 
sisted cloning in E. co/i (Brunel et al., 1980). 
The latter possibility is not unreasonable be- 
cause maxicircle transcripts longer than 12 S 
RNA have recently been found in Leish- 
mania (A. M. Simpson and L. Simpson, per- 
sonal communication). Alternatively, the 
genes for the larger mitochondrial proteins 
might reside in the nucleus (like the gene for 
the DCCD-binding protein in Neurospora 
(Sebald et al., 1977)) or the protein cor- 
responding to subunit I of oxidase and apo- 
cytochrome b could be smaller or absent in 
trypanosomes. 
From the hybridization data of RR-3 (see 
Fig. 2) it seems that this maxicircle segment 
is crowded with genes, a situation that also 
is found in Leishmania (L. Simpson, per- 
sonal communication). The added molecu- 
lar weights of all hybridizing RNAs (4170 
nucleotides) plus the Tck-3 region (at least 
700 bp) even exceed the size of RR-3 (4700 
bp). Moreover, this active region extends in 
RR-2, because the R-2b gene is situated very 
close to the border with RR-3 (Fig. 11). It is 
possible that some of these transcripts are 
precursor or degradation products of others. 
The presence of interrupted genes on the 
maxicircle is suggested by the hybridization 
with Tck-3 (Fig. 1 l), for which we were un- 
able to detect the corresponding transcript, 
probably because it is present in very low 
concentrations. However, the possibility 
has to be ruled out that rearrangements 
have occurred during construction of the 
cDNA hybrid and subsequent growth in E. 
coli, although analysis of 31 (VSG) cDNA 
clones from the same bank has provided no 
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indications for such artifacts (Hoeijmakers 
et al., 1980). The data for the other genes 
studied (9 S, 12 S RNA and Tck-1) are all 
compatible with a continuous coding se- 
quence; small intervening sequences could 
obviously have been missed, however. 
No maxicircle tRNAs have shown up in 
our hybridizations. This is not due to inef- 
ficient binding of tRNA-sized molecules to 
the filter; a 73-bp DNA marker is clearly 
visible on the autoradiograms (see Figs. 3 
and 5). However, it is possible that our hy- 
bridization conditions were too stringent for 
efficient 4 S hybridization since analogous 
experiments with yeast mitochondrial tRNAs 
are carried out under conditions equivalent 
to 9-10°C below our hybridization tem- 
perature. 
Mitochondrial Biogenesis 
The repression of mitochondrial respira- 
tion and oxidative phosphorylation in the 
bloodstream form was shown to correlate 
with a 5- to lo-fold decrease in the level of 
maxicircle transcripts. From the RNA blots 
(Fig. 5) we conclude that all transcripts are 
affected to approximately the same extent. 
This cannot readily account for the differ- 
ential repression of mitochondrial enzymes, 
the respiratory chain being completely 
absent, whereas an oligomycin-sensitive 
ATPase (Opperdoes et al., 1976) which 
presumably requires mitochondrially syn- 
thesized subunits like in yeast (Borst and 
Grivell, 1978), is still present. There may be, 
therefore, an additional control at the level 
of mitochondrial translation or membrane 
assembly. 
Minicircle Transcription 
As in our previous studies with Crithidia 
we have not found RNA complementary to 
the minicircles. In contrast, Fouts and Wol- 
stenholme (1979) have recently reported the 
detection of a 240-nucleotide RNA, homol- 
ogous to the heavy strand of the minicir- 
cles in Crithidia acantocephali. This RNA 
seemed to be present in the kinetoplast frac- 
tion as well as in the cytoplasm in the same 
(high) concentrations. Such an RNA should 
have been readily detectable in our experi- 
ments if present in T. brucei or C. luciliae. 
We cannot account for this discrepancy. 
Nevertheless, we think that most of the data 
now available make it unlikely that minicir- 
cles code for an essential protein or struc- 
tural RNA. The high-sequence heterogeneity 
of minicircles in some species (Steinert 
et al., 1976; Steinert and Van Assel, 1980; 
Donelson et al., 1979) and the high rate of 
sequence evolution of this DNA (Borst and 
Hoeijmakers, 1979b; Borst et al., 1980b) and 
the recent results of sequence analysis of 
minicircles (Chen and Donelson, 1980) sup- 
port this view. Why trypanosomes have 
minicircle networks remains to be deter- 
mined. 
ACKNOWLEDGMENTS 
We thank Dr. F. R. Opperdoes (Research Unit for 
Tropical Diseases, International Institute of Cellular 
and Molecular Pathology, Brussels) and Mr. A. Ber- 
nards for their help and advice; Mr. I. C. Eperon (MRC 
Laboratory of Molecular Biology, Cambridge) for com- 
municating unpublished sequence data; Professor Ch. 
Weissmann (Institut fur Molekularbiologie I, Univer- 
sitat Zurich, Zurich) and Dr. J. Davison (Research Unit 
of Molecular Biology, International Institute of Cellular 
and Molecular Pathology, Brussels) for providing us 
with cloned recombinant DNAs; Dr. G. J. B. Van 
Ommen (Pediatrics Clinic, Academic Hospital, Univer- 
sity of Amsterdam) for advice on isolating and frac- 
tionating RNAs; Drs. A. M. Simpson and L. Simpson 
(Biology Department of Molecular Biology Institute, 
University of California, Los Angeles, Calif.) for com- 
municating data prior to publication; and Mrs. J. Van 
den Burg and Mrs. F. Fase-Fowler for expert technical 
assistance. This work was supported in part by a grant 
to P.B. from the Foundation for Fundamental Biologi- 
cal Research (BION) which is subsidized by The Neth- 
erlands Organization for the Advancement of Pure 
Research (ZWO). 
REFERENCES 
ALWINE, J. C., KEMP, D. J., AND STARK, G. R. (1977). 
Method for detection of specific RNAs in agarose 
gels by transfer to diazobenzyloxymethyl-paper and 
hybridization with DNA probes. Proc. Nat. Acad. 
Sci. USA 74, 5350-5354. 
BERK, A. J., AND SHARP, P. A. (1977). Sizing and 
mapping of early adenovirus mRNAs by gel electro- 
348 HOEIJMAKERS ET AL. 
phoresis of S, endonuclease-digested hybrids. Cell 
12, 721-732. 
BOLIVAR, F., RODRIGUEZ, R. L., GREENE, P. J., BET- 
LACH, M. C., HEYNEKER, H. L., AND BOYER, H. W. 
(1977). Construction and characterization of new 
cloning vehicles. II. A multipurpose cloning system. 
Gene 2, 95- 113. 
BON& G. J., AND STEINERT, M. (1956). Isotopes incor- 
porated in the nucleic acids of Trypunosoma mega. 
Nature (London) 178, 308-309. 
BORST, P., AND GRIVELL, L. A. (1978). The mitochon- 
drial genome of yeast. Cell 15, 705-723. 
BORST, P., AND FASE-FOWLER, F. (1979). The maxi- 
circle of Trypanosornu brucei kinetoplast DNA. Bio- 
chim. Biophys. Actu 565, l-12. 
BORST, P., AND HOEIJMAKERS, J. H. J. (1979a). Kineto- 
plast DNA. Plasmid 2, 20-40. 
BORST, P., AND HOEIJMAKERS, J. H. J. (1979b). Struc- 
ture and function of kinetoplast DNA of the African 
trypanosomes. In “Extrachromosomal DNA: ICN- 
UCLA Symposia on Molecular and Cellular Biol- 
ogy” (D. J. Cummings, P. Borst, I. B. Dawid, S. M. 
Weissman, and C. F. Fox, eds.), Vol. 15, pp. 515- 
531. Academic Press, New York. 
BORST, P., HOEIJMAKERS, J. H. J., FRASCH, A. C. C., 
SNIJDERS, A., JANSSEN, J. W. G., AND FASE- 
FOWLER, F. (1980a). The kinetoplast DNA of Try- 
punosoma brucei: Structure, evolution, transcrip- 
tion, mutants. In “The Organization and Expression 
of the Mitochondrial Genome” (A. M. Kroon and C. 
Saccone, eds.), pp. 7-20. North-Holland, Amster- 
dam. 
BORST, P., FASE-FOWLER, F., HOEIJMAKERS, J. H. J., 
AND FRASCH, A. C. C. (1980b). Variations in maxi- 
circle and mini-circle sequences in kinetoplast DNA 
from different Trypunosomu brucei strains. Biochim. 
Biophys. Actu 610, 197-210. 
BORST, P., FASE-FOWLER, F., FRASCH, A. C. C., 
HOEIJMAKERS, J. H. J., AND WEIJERS, P. J. (198Oc). 
Characterization of DNA from Trypunosomu brucei 
and related trypanosomes by restriction endonu- 
clease digestion. Mol. Biochem. Parasitol. 1, 221- 
246. 
BROSIUS, J., PALMER, M. L., KENNEDY, P. J., AND 
NOLLER, H. F. (1978). Complete nucleotide se- 
quence of a 16s ribosomal RNA gene from Esche- 
richiu coli. Proc. Nut. Acad. Sci. USA 75, 4801- 
4805. 
BROSIIJS, J., DULL, T. J., AND NOLLER, H. F. (1980). 
Complete nucleotide sequence of a 23 S’ ribosomal 
RNA gene from Escherichiu co/i. Proc. Nut. Acad. 
SC;. USA 77, 201-204. 
BRAN, R., AND SCH~NENBERGER, M. (1979). Cultiva- 
tion and in vitro cloning of procyclic culture forms of 
Trypunosomu brucei in a semi-defined medium. Actu 
Trop. 36, 289-292. 
BRUNEL, F., DAVISON, J., MERCHEZ, M., BORST, P., 
AND WEIJERS, P. J. (1980). The use of recombinant 
DNA techniques in the analysis of Trypunosomu 
brucei kinetoplast DNA. In “DNA-Recombination 
Interactions and Repair” (S. Zadrazil and J. Sponar, 
eds.), pp. 45-54. Pergamon Press, Oxford. 
CHEN, K. K., AND DONELSON, J. E. (1980). Sequences 
of two kinetoplast DNA minicircles of Trypunosomu 
brucei. Proc. Nut. Acud. Sci. USA 77, 2445-2449. 
CHENG, D., AND SIMPSON, L. (1978). Isolation and 
characterization of kinetoplast DNA and RNA of 
Phytomonus duvidi. Plusmid 1, 297-315. 
CORDINGLEY, J. S., AND TURNER, M. J. (1980). 6.5 S 
RNA; preliminary characterisation of unusual small 
RNAs in T. brucei. Mol. Biochem. Parusitol. 1, 91- 
96. 
DANIELS, D. L., DEWET, J. R., AND BLATTNER, F. R. 
(1980). A new map of bacteriophage lambda DNA. 
J. Virol. 33, 390-400. 
DAWID, I. B. (1972). Mitochondrial protein synthesis. 
In “Mitochondria: Biogenesis and Bioenergetics; 
Biomembranes: Molecular Arrangements and Trans- 
port Mechanisms” (S. G. Van den Bergh, P. Borst, 
L. L. M. Van Deenen, J. C. Riemersma, E. C. Slater, 
and J. M. Tager, eds.), Vol. 28, pp. 35-51. North- 
Holland, Amsterdam. 
DONELSON, J. E., MAJIWA,~~. A. O., AND WILLIAMS, 
R. 0. (1979). Kinetoplast DNA minicircles of Try- 
punosomcr brucei share regions of sequence homol- 
ogy. Plasmid 2, 572-588. 
ENGLUND, P. T. (1981). Kinetoplast DNA. In “Bio- 
chemistry and Physiology of Protozoa” (M. Levan- 
dowsky and S. H. Hutner, eds.), 2nd ed., Vol. 4, 
Academic Press, New York. 
FAIRLAMB, A. H., WEISLOGEL, P. O., HOEIJMAKERS, 
J. H. J., AND BORST, P. (1978). Isolation and char- 
acterization of kinetoplast DNA from bloodstream 
form of Trypunosomu brucei. J. Cell Biol. 76, 293- 
309. 
FOLJTS, D. L., MANNING, J. E., AND WOLSTENHOLME, 
D. R. (1975). Physicochemical properties of kineto- 
plast DNA from Crithidia acunthocephuli, Crithidiu 
luciliue and Trypunosomu lewisi. J. Cell Biol. 67, 
378-399. 
FOUTS, D. L., WOLSTENHOLME, D. R., AND BOYER, 
H. W. (1978). Heterogeneity in sensitivity to cleav- 
age by the restriction endonucleases EcoRI and 
Hind111 of circular kinetoplast molecules of Crithidiu 
ucunthocephali. J. Cell Biol. 79, 329-341. 
FOKJTS, D. L., AND WOLSTENHOLME, D. R. (1979). 
Evidence for a partial RNA transcript of the small 
circular component of kinetoplast DNA of Crithidiu 
ucunthocephuli. Nucl. Acids Res. 6, 3785-3804. 
GARVIN, R. T., HILL, R. C., AND WEBER, M. M. (1978). 
The atypical RNA components of cytoplasmic ribo- 
somes from Crithidiu fusciculura. Arch. Biochem. 
Biophys. 191, 774-781. 
GOLDBACH, R. W., EVERS, R. F., AND BORST, P. 
(1978a). Electrophoretic strand separation of long 
DNAs with poly(U,G) in agarose gels. Nucl. Acids 
Res. 5, 2743-2754. 
GOLDBACH, R. W., BORST, P., BOLLEN-DE BOER, 
TRANSCRIPTION OF kDNA IN T. brucei 349 
J. E., AND VAN BRUGGEN, E. F. J. (1978b). The or- 
ganization of the ribosomal RNA genes in the mito- 
chondrial DNA of Tetrahymenapyriformis strain ST. 
Biochim. Biophys. Acra 521, 169- 186. 
GRAY, M. W. (1979). The ribosomal RNA of the 
trypanosomatid protozoan Crithidia fasciculata: 
Physical characteristics and methylated sequences. 
Canad. J. Biochem. 57, 914-926. 
GRIVEI.I., L. A., ARNBERG, A. C., BOER, P. H., BORST, 
P., Bos, J. L., VAN BRUGGEN, E. F. J., GROOT, 
G. S. P., HECHT, N. B., HENSGENS, L. A. M., VAN 
OMMEN, G. J. B., AND TABAK, H. F. (1979). Tran- 
scripts of yeast mitochondrial DNA and their proc- 
essing. In “Extrachromosomal DNA: ICN-UCLA 
Symposia on Molecular and Cellular Biology” (D. J. 
Cummings, P. Borst, I. B. Dawid, S. M. Weissman, 
and C. F. Fox, eds.), Vol. 15, pp. 305-324. Aca- 
demic Press, New York. 
HANAHAN, D., AND MESELSON, M. (1980). Plasmid 
screening at high colony density. Gene 10, 63-67. 
HOEIJMAKERS, J. H. J., AND BORST, P. (1978). RNA 
from the insect trypanosome Crirhidia luciliae con- 
tains transcripts of the maxi-circle and not of the 
mini-circle component of kinetoplast DNA. Biochim. 
Bioph.ys. Acta 521, 407-411. 
HOEIJMAKERS, J. H. J., BORST, P., VAN DEN BURG, J., 
WEISSMANN, C., AND CROSS, G. A. M. (1980). The 
isolation of plasmids containing DNA complementary 
to messenger RNA for variant surface glycoproteins 
of Trypanosoma hrucei. Gene 8, 391-417. 
HRADECNA, Z., AND SZYBALSKI, W. (1967). Fractiona- 
tion of the complementary strands of coli phage 
lambda DNA based on the asymmetric distribution 
ofthepoly(1, G)-binding sites. Virology 32,633-643. 
ITO, J., KAWAMURA, F., AND YANOFSKY, S. (1976). 
Analysis of 429 and 1#~15 genomes by bacterial re- 
striction endonucleases EcoRI and HpaI. Virology 
70, 37-51. 
KLEISEN, C. M., AND BORST, P. (1975). Are 50% of all 
cellular proteins synthesized on mitochondrial ribo- 
somes in Crithidia luciliae? Biochim. Biophys. Acta 
390, 78-81. 
KLEISEN, C. M., BORST, P., AND W~IJERS, P. J. (1975). 
The structure of kinetoplast DNA. I. Properties of 
the intact multi-circular complex from Crithldla 
luciliae. B&him. Biophys. Acta 390, 155-167. 
KLEISEN, C. M., WEISLOGEL, P. O., FONCK, K., AND 
BORST, P. (1976a). The structure ofkinetoplast DNA. 
II. Characterization of a novel component of high 
complexity present in the kinetoplast DNA network 
of Crithidia luciliae. Eur. J. Biochem. 64, 153- 160. 
KLEISEN, C. M., BORST, P., AND WEIJERS, P. J. 
(1976b). The structure of kinetoplast DNA. I. The 
mini-circles of Crithidia luciliae are heterogeneous 
in base sequence. Eur. J. Biochem. 64, 141-151. 
KLUKAS, C. K., AND DAWID, I. B. (1976). Characteri- 
zation and mapping of mitochondrial ribosomal RNA 
and mitochondrial DNA in Drosophila melanogaster. 
Cell 9, 615-625. 
LEDER, P., TIEMEIER, D., AND ENQUIST, L. (1977). 
EK-2 derivatives of bacteriophage lambda useful in 
the cloning of DNA from higher organisms: The 
1ambda.gt.WE.S system. Science 196, 175-177. 
MASUDA, H., SIMPSON, L., ROSENBLATT, H., AND 
SIMPSON, A. M. (1979). Restriction map, partial 
cloning and localization of 9S and 12s kinetoplast 
RNA genes on the maxicircle component of the 
kinetoplast DNA of Leishmania tarentolae. Gene 6, 
51-73. 
MCMASTER, G. K., AND CARMICHAEL, G. G. (1977). 
Analysis of single- and double-stranded nucleic acids 
on polyacrylamide and agarose gels by using glyoxal 
and acridine orange. Proc. Nat. Acad. Sci. USA 74, 
4835-4838. 
MORALES, N. M., AND ROBERTS, J. F. (1978). The ribo- 
nucleic acids of Crithidia fasclculara. J. Prorozool. 
25, 140- 144. 
OPPERDOES, F. R., BORST, P., AND DE RIJKE, D. 
(1976). Oligomycin sensitivity of the mitochondrial 
ATPase as a marker for fly transmissability and the 
presence of functional kinetoplast DNA in African 
trypanosomes. Comp. Biochem. Physiol. 55B, 25- 
30. 
OSINGA, K. A., EVERS, R. F., VAN DER LAAN, J. C., 
AND TABAK, H. F. (1981). A putative precursor 
for the small ribosomal RNA from mitochondria of 
Sarcharomyces cere\,isiae. Nucl. Acids Res. 9, 
1351-1364. 
PENMAN, S. (1966). RNA metabolism in the HeLa cell 
nucleus. J. Mol. Biol. 17, 117-130. 
PHILIPPSEN, P., THOMAS, M., KRAMER, R. A., AND 
DAVIS, R. W. (1978). Unique arrangement of coding 
sequences for 5S, 5.854, 18s and 25s ribosomal RNA 
in Saccharomyces cerevisiae as determined by 
R-loop and hybridization analysis. J. Mol. Biol. 123, 
387-404. 
RIGBY, P. W. J., DIECKMANN, M., RHODES, C., AND 
BERG, P. (1977). Labeling deoxyribonucleic acid to 
high specific activity in vitro by nick-translation with 
DNA polymerase I. J. Mol. Biol. 113, 237-251. 
SANDERS, J. P. M., HEYTING, C., AND BORST, P. 
(1975). The organization of genes in yeast mitochon- 
drial DNA. I. The genes for large and small ribosomal 
RNA are far apart. Biochem. Biophys. Res. Com- 
man. 65, 699-707. 
SANDERS, J. P. M., HEYTING, C., VERBEET, M. PH., 
MEIJLINK, F. C. P. W., AND BORST, P. (1977). 
The organization of genes in yeast mitochondrial 
DNA. III. Comparison of the physical maps of the 
mitochondrial DNAs from three wild-type Saccharo- 
myces strains. Mol. Gen. Genet. 157, 239-261. 
SANGER, F., AIR, G. M., BARRELL, B. G., BROWN, 
N. L., COULSON, A. R., FIDDES, J. C., HUTCHISON 
III, C. A., SLOCOMBE, P. M., AND SMITH, M. (1977). 
Nucleotide sequence of r#~X174 DNA. Nature (Lon- 
don) 265, 687-695. 
SEBALD, W., SEBALD-ALTHAUS, M., AND WACHTER, 
E. (1977). Altered amino acid sequence of the DCCD- 
binding protein of the nuclear oligomycin-resistant 
mutant AP-2 from Neurospora crassa. In “Mito- 
350 HOEIJMAKERS ET AL. 
chondria 1977: Genetics and Biogenesis of Mitochon- 
dria” (Bandlow, W., Schweyen, R. J., Wolf, K., and 
Kaudewitz, F., eds.), pp. 433-440. De Gruyter, 
Berlin. 
SIMPSON, L. (1972). The kinetoplast of the hemoflagel- 
lates. Inr. Rev. Cytol. 32, 139-207. 
SIMPSON, L., AND LASKY, L. (1975). Kinetoplast mes- 
senger RNAs. J. CeII Biol. 67, 402A. 
SIMPSON, L., SIMPSON, A. M., AND LASKY, L. (1976). 
Kinetoplast RNA from Leishmunia tarentolae cul- 
ture forms. In “Biochemistry of Parasites and Host- 
Parasite Relationships” (H. Van den Bossche, ed.), 
pp. 225-228. North-Holland, Amsterdam. 
SIMPSON, L., AND SIMPSON, A. M. (1978). Kineto- 
plast RNA of Leishmania turentolae. Cell 14, 169- 
178. 
SOUTHERN, E. M. (1975). Detection of specific se- 
quences among DNA fragments separated by gel 
electrophoresis. J. Mol. Biol. 98, 503-517. 
SPENCER, R., AND CROSS, G. A. M. (1976). Lability of 
RNA from the large cytoplasmic ribosomal subunit 
of the protozoon Crithidiu oncopelti. .I. Gen. Micro- 
hiol. 93, 82-88. 
STEINERT, M., VAN ASSEL, S., BORST, P., AND NEW- 
TON, B. A. (1976). Evolution of kinetoplast DNA. 
In “The Genetic Function of Mitochondrial DNA” 
(C. Saccone and A. M. Kroon, eds.), pp. 71-81. 
North-Holland, Amsterdam. 
STEINERT, M., AND VAN ASSEL, S. (1980). Sequence 
heterogeneity in kinetoplast DNA: Reassociation 
kinetics. Plasmid 3, 7- 17. 
THOMAS, M., AND DAVIS, R. W. (1975). Studieson the 
cleavage of bacteriophage lambda DNA with EcoRI 
restriction endonuclease. J. Mol. Biol. 91, 315-328. 
VAN OMMEN, G. J. B., GROOT, G. S. P., AND GRIVELL, 
L. A. (1979). Transcription maps of mtDNAs of two 
strains of Saccharomyces: Transcription of strain- 
specific insertions; complex RNA maturation and 
splicing. Cell 18, 51 I-523. 
VAN OMMEN, G. .I. B., BOER, P. H., GROOT, G. S. P., 
DE HAAN, M., ROOSENDAAL, E., GRIVELL, L. A., 
HAID, A., AND SCHWEYEN, R. J. (1980). Mutations 
affecting RNA splicing and the interaction of gene 
expression of the yeast mitochondrial oci COB and 
0X13. Cell 20, 173- 183. 
WAHL, G. M., STERN, M., AND STARK, G. R. (1979). 
Efficient transfer of large DNA fragments from aga- 
rose gels to diazobenzyloxymethyl-paper and rapid 
hybridization using dextran sulfate. Proc. Nur. 
Acud. Sci. USA 76, 3683-3687. 
WERNER, S., AND BERTRAND, H. (1979). Conversion 
of a mitochondrial precursor polypeptide into subunit 
I of cytochrome oxidase in the mi-3 mutant ofNeuro- 
sporu crussu. Eur. .I. Biochem. 99, 463-470. 
WILKIE, N. M., CLEMENTS, J. B., BOLL, W., MANTEI, 
N., LONSDALE, D., AND WEISSMANN, C. (1979). 
Hybrid plasmids containing an active thymidine 
kinase gene of Herpes simplex virus 1. Nucl. Acids 
Res. 7, 859-877. 
WOLSTENHOLME, D. R., GODDARD, J. M., AND FAU- 
RON, C. M.-R. (1979). Structure and replication of 
mitochondrial DNA from the genus Drosophila. In 
“Extrachromosomal DNA: ICN-UCLA Symposia 
on Molecular and Cellular Biology (D. J. Cummings, 
P. Borst, I. B. Dawid, S. M. Weissman, and C. F. 
Fox, eds.), Vol. 15, pp. 409-425. Academic Press, 
New York. 
